Abstract Scanning DNA sequences for polymorphisms and mutations often involve the mismatch specific cleavage by endonucleases at the mismatch sites and subsequent analysis of the digested product for mutation discovery. One of the limitations of using enzymatic mutation detection methods are the cost and availability of a mismatch specific endonuclease. We report the establishment of Nicotiana tabacum L. Cv. Bright Yellow 2 cells stably expressing the truncated ENDO1 (tENDO1) mismatch specific endonuclease. The 5 0 -Untranslated region of N. tabacum alcohol dehydrogenase gene (NtADH 5 0 -UTR) under the control of cauliflower mosaic virus (CaMV 35S) promoter was employed to improve the tENDO1 protein yield. To ease the purification process, tENDO1 was secreted into the culture medium and isolated using nickel affinity chromatography. The tENDO1 was estimated to be stably produced in an average of 0.7-0.9 % total soluble protein. Functional test on tENDO1 for mismatch detection demonstrated that tENDO1 retained mismatch specific endonuclease activity resembles its native protein. Further biochemical analysis showed that tENDO1 exhibited mismatch detection specificity and efficiency comparable to other commonly used endonucleases.
Introduction
Recently, transgenic plants and plant cell suspension cultures have been adopted as reliable alternative systems for the production of various recombinant proteins. Plant cell suspension cultures are simple, efficient and a powerful platform for the production of recombinant proteins (Lai et al. 2012a ). Compared to whole-plant system, plant cell suspension cultures exhibit several advantages including the capacity for shorter life cycles, and independence from environmental effects such as climate, soil quality, season, and weather (Xu and Kieliszewski 2011) . Besides, plants also possess intact glycosylation machinery which enables the production of various recombinant proteins that require precise post-translation modification (Lai et al. 2011b (Lai et al. , 2012b . In addition, recombinant proteins produce from cell suspension cultures can be easily isolated when the proteins are secreted into the culture medium containing only defined media but lacking proteinaceous substances that will complicate the purification process (Lee et al. 2000) . Examples of recombinant proteins that have been successfully produced using plant cell suspension cultures are immunoglobulins (Sharp and Doran 2001a, b) , Fab fragments (Yano et al. 2006) , inteferon (Xu et al. 2010) , and poultry vaccine for Newcastle diseases (www. dowagro.com; Lai et al. 2013) .
In this study, plant cell suspension culture was employed to produce ENDO1, a mismatch specific endonuclease used in mismatch detection (Triques et al. 2006) . ENDO1 is expressed at low level and function in nucleic acid degradation during plant senescence (Perez-Amador et al. 2000) . Previously, functional characterization demonstrated that ENDO1 is highly sensitive and specific in detecting all types of mismatches and resembles the commonly used CEL 1 endonuclease (Triques et al. 2006) . Moreover, ENDO1 is also widely used in reverse genetics approach such as TILLING (Targeting Induced Local Lesions In Genomes) to screen for mutations in Pisum sativum (Triques et al. 2006) , Arabidopsis thaliana (Triques et al. 2008) , Solanum lycopersium (Minoia et al. 2010) , and human immunodeficiency virus type 1 (Triques et al. 2008) . Transient expression of ENDO1 through the agroinfiltration of N. benthamiana leaves has been reported (Triques et al. 2006 (Triques et al. , 2008 . In order to improve the ENDO1 expression system, a stable transgenic N. tabacum L. Cv. Bright Yellow 2 (BY-2) cell system expressing the functional truncated ENDO1 (tENDO1) lacking the native signal peptide was established. The rapid growth rate and high biomass yield make BY-2 cell an attractive expression system for protein expression (Geelan and Inze, 2001; Huang and McDonald 2009; Suen et al. 2010) . To ease the purification process, tENDO1 expressed in the transgenic cell suspension cultures was directed and secreted into the culture medium. The mismatch specific endonuclease activity of tENDO1 on mismatch detection was then further tested using heteroduplex DNA that differ in single base insertion.
Materials and methods

Construction of plant expression vector
To improve the yield of protein secreted to the medium, tENDO1 lacking the native signal peptide predicted by iPSORT prediction software (Bannai et al. 2002) was cloned into pBI121 expression vector (Fig. 1) . The cDNA encoding the tENDO1 was amplified from the total RNA extracted from A. thaliana leaves using the tENDO1 gene specific primes following the SuperScript II reverse transcriptase manufacture's protocol (Invitrogen, USA). The tENDO1 cDNA fragment was cloned into pCR Ò 8-TOPO vector (Invitrogen, USA) according to the manufacture's protocol. Using LR clonase (Invitrogen, USA), tENDO1 fragment was subcloned into the pBI121 vector under the control of strong constitutive cauliflower mosaic virus (CaMV 35S) promoter. The resulting 35S:tENDO1:6xHis/ pBI121 expression vector ( Fig. 1 ) was mobilized to Agrobacterium tumefaciens strain GV3101 using the freeze-thaw method (Holsters et al. 1978) . Gene specific primers are listed in Supplementary Table 1.
BY-2 cells transformation
Stable transgenic tobacco BY-2 cells were generated via agrobacterium mediated transformation method as described by Nakayama et al. (2000) . Transformed BY-2 cells were selected using the modified Linsmaier and Skoog (LS) solid medium containing 250 mg/L carbenicillin and 100 mg/L kanamycin for 3-4 weeks until resistant cell colonies were formed.
Screening of putative transformants
Total genomic DNA was isolated from the resistant cell colonies using a DNeasy Plant Mini Kit (QIAGEN, USA) according to the manufacture's protocol. The presence of transgene was confirmed by genomic PCR screening using Supplementary Table 1 .
Real-time PCR analysis
Total RNA from the genomic PCR positive transformants were extracted according to the method described previously (Lai et al. 2011a ) and treated using DNase 1 (Invitrogen, USA). The concentration and purity of total RNA was determined by spectrophotometric analysis. Firststrand cDNA was synthesized from 500 ng of total RNA using SuperScript II reverse transcriptase (Invitrogen, USA). Quantitative real-time PCR was performed using the One-step QuantiTect SYBR Green RT-PCR kit according to the manufacture's protocol (Qiagen, USA). The 18S rRNA was used as the internal control for data normalization. Data were collected using the Roche Light Cycler 480 sequence detection system according to the manufacturer's instructions (Roche, Germany). The primers are listed in Supplementary Table 1 .
Initiation of transgenic BY-2 cells
Independent transformant which were genomic PCR positive and showed strong levels of tENDO1 mRNA transcript were selected for BY-2 cells initiation using LS liquid medium containing 100 mg/L kanamycin.
Purification of tENDO1
To isolate tENDO1 protein from the culture medium, 9 days old cell suspension culture was centrifuged at 3,200g for 5 min. The supernatant containing tENDO1 was then transferred to the nickel-nitrilotriacetic acid (Ni-NTA) column (QIAGEN, USA) and tENDO1 protein was eluted according to the manufacture's protocol. The eluted tENDO1 was concentrated by a 30 kDa ultrafiltration tube (Millipore, USA) and used for subsequent analysis.
Western blotting Concentrated tENDO1 protein was analyzed by immunoblot assay using primary penta-His antibody (1:5,000 dilution) (Qiagen, USA) and followed by secondary antimouse horseradish peroxidase (HRP)-conjugated antibody (1:5,000 dilution) (Invitrogen, USA).
Enzyme-linked immunosorbent assay (ELISA)
Concentration of tENDO1 protein in the medium was determined using His-tag protein ELISA kit according to the manufacture's protocol (Cell Biolabs, USA).
Application of tENDO1 for mismatch detection
Heteroduplex DNA containing mismatches were created using the control FT-G and FT-C plasmid DNA from SURVEYOR Ò mutation detections kit (Transgenomic, USA) and single nucleotide polymorphism between Arabidopsis accessions Columbia (Col-0) and C24 for loci At4g33430 (Col-0/C24:A/G) and At3g46510 (Col-0/C24: T/C). Identical PCR and mismatch detection assays were performed according to the SURVEYOR Ò mutation detections kit's protocol (Transgenomic, USA) with substitution of different types of endonucleases. The amount of endonucleases used were 0.2 ll CEL 1 (Transgenomic, USA), 0.2 ll ENDO1 (Serial Genetics, France), 1 ll (10 U) Mung Bean Nuclease (NEB, UK), and 1 ll (10,000 dilution; *1 ng) of purified tENDO1. Dilution of heteroduplex DNA containing mismatch was prepared by mixing equimolar quantities of wild-type (WT) DNA (no genetic variation). Digested heteroduplex DNA fragments were analyzed using ABI 3130xl DNA sequencer (ABI, USA). Data were analysed using GENEMAPPER 4.0 fragment analysis software (ABI, USA) according to the manufacture's protocol. The primers are listed in Supplementary Table 1 .
Results and discussion
Scanning DNA sequences for polymorphisms and mutations is an important analytical tool in a broad range of disciplines (Triques et al. 2008) . In particular, the development of various TILLING resources to produce mutants over the last decade (Lai et al. 2012a) , has significantly expanded the used of enzymatic mutation detection techniques. In this study, we focus on one of the limitations in any enzymatic mutation detections, the production of a mismatch specific endonuclease. The tENDO1 gene lacking the native signal peptide was cloned into the pBI121 vector driven by the strong CaMV 35S promoter. To improve the yield of tENDO1 protein, N. tabacum alcohol dehydrogenase gene translational enhancer (NtADH 5 0 -UTR) was cloned upstream of the tENDO1 cDNA. Previously, NtADH 5 0 -UTR has been successfully used to enhance protein translational efficiency and increase the Fig. 3 Electropherograms showing detection of known mismatch sites by TILLING using the tENDO1. a Control DNA with no mismatch site. A 673 nt peak represents the total amplified fragment length. b Heteroduplex DNA with mismatch site (G436C). Black (237 nt) and blue (436 nt) peaks are due to a G to C mismatch in the sample. A 673 nt peak represents the total amplified fragment length.
c Heteroduplex DNA with mismatch site (A421G). Black (990 nt) and blue (421 nt) peaks are due to a A to G mismatch in the sample. A 1411 nt peak represents the total amplified fragment length. d Heteroduplex DNA with mismatch site (A414T). Black (957 nt) and blue (414 nt) peaks are due to a A to T mismatch in the sample. A 1371 nt peak represents the total amplified fragment length. (Colour figure online) level of proteins in tobacco BY-2 cell cultures (Satoh et al. 2004; Matsui et al. 2006; Lai et al. 2013 ). In addition, the GE signal peptide (Matsui et al. 2006 ) was introduced into the N-terminal of tENDO1 protein to direct the protein secretion to the culture medium. The 6xHis-tag was introduced at C-terminal of tENDO1 protein to facilitate the purification and immunodetection by anti-6xHis-tag monoclonal antibodies. The resulting 35S:tENDO1:6xHis/ pBI121 expression plasmid (Fig. 1) was then used to transform BY-2 cells to generate stable transgenic BY-2 cells expressing tENDO1.
Genomic PCR analysis on kanamycin resistant calli using the tENDO1 gene specific primers showed the presence of approximately 828 bp bands corresponding to the size of tENDO1 cDNA (Fig. 2a) . To verify the presence of tENDO1 mRNA transcripts, real-time PCR analysis was performed on the tENDO1 genomic PCR positive transformants. The transformants tested for real-time PCR analysis showed the presence of tENDO1 mRNA expression as compared to WT plant (Fig. 2b) . Three independent genomic PCR positive transformants which exhibited the highest levels of tENDO1 mRNA transcripts were isolated (Fig. 2b) . These stably transformed calli were then used for BY-2 cell cultures initiation. In order to detect the presence of tENDO1 protein, culture media were centrifuged and the tENDO1 protein was purified from the supernatants through Ni-NTA column. The secreted tENDO1 protein was detected by Western blotting using a primary penta-His monoclonal antibody. As shown in Fig. 2c , a protein band approximately 33 kDa which correlated with the predicted molecular weight of tENDO1 protein was detected for all three transgenic BY-2 cell lines. This result suggested that the tENDO1 protein was successfully secreted to the medium and could be purified through a simple purification process. Previously, we have tried to express and secrete the native ENDO1 protein to the medium using the same expression construct but very low level of ENDO1 protein was detected from the medium (data not shown). However, when the native signal peptide was deleted from the ENDO1 construct, a strong tENDO1 signal was detected from the immunoblot assay (Fig. 2c) . ENDO1 is known to contain native signal peptide for secretion (Perez-Amador et al. 2000) . Detection of low level secretion of the native ENDO1 protein may be caused by the presence of both native and GE signal peptides that have affected the protein secretion efficiency. Nevertheless, further study need to be carried out to explain this interesting scenario.
We also performed ELISA using the His-tag protein ELISA kit to quantitate the level of tENDO1 protein secreted to the medium. The tENDO1 protein was estimated to be stably produced with yield up to 11-15 lg/ml in the culture medium, accounting for 0.7-0.9 % total soluble protein. The high level of tENDO1 protein produced in this study will enable large scale mismatch detection tests to be carried out. Unlike the previously reported transient ENDO1 expression that required routine and constant agroinfiltration (Triques et al. 2008) , secreted tENDO1 protein produced in this study can be continuously and easily obtain through simple purification process of transgenic BY-2 cells medium. Moreover, the current established tENDO1 secretion system is convenient and suitable for endonuclease production to meet the demand of large scale mutational screening. To determine the biological activity of the secreted tENDO1, we further tested the purified tENDO1 for mismatch detection using the heteroduplex DNA that differ in single base insertion.
To confirm its mismatch specific endonuclease activity, we incubated the heteroduplex DNA harbouring a known single nucleotide mismatch with diluted tENDO1 protein.
It has been reported that both crude and purify ENDO1 contain mismatch specific endonuclease activity (Triques et al. 2006) . However, crude ENDO1 was found to lose activity when store for more than 2 weeks, using different freezing conditions (Triques et al. 2006) . As shown in Fig. 3 , the tENDO1 led to the predicted digestion products of all heteroduplex DNAs tested. Results obtained showed that tENDO1 recognized and specifically cleaved the G237C (Fig. 3b) , A421G (Fig. 3c) , and T414C (Fig. 3d) mismatches respectively. Meanwhile, as expected, the control DNA which contained no genetic variation showed undetectable cleavage activity (Fig. 3a) . Based on this biochemical analysis, we concluded that the secreted tENDO1 possesses specific endonuclease activity resembling that of its native protein. Moreover, the absence of native signal peptide and addition of 6xHis-tag at the C-terminal region of the tENDO1 protein did not negatively render its biological properties for mismatch detection. One of the key points of mismatch detection assays is the level which DNA could be pooled and mismatch mutations detected (Triques et al. 2006) . Hence, we further tested the sensitivity of tENDO1 for three different DNA dilutions namely 4, 8 and 16 fold dilutions. As expected, tENDO1 was able to detect and cleaved the mismatch of heteroduplex DNA up to 16 fold dilution (Fig. 4) . These analyses also complement with the previous reported ENDO1 mismatch detection sensitivity assays (Triques et al. 2006 (Triques et al. , 2008 .
Next, we compared the robustness and efficiency of tENDO1 in mismatch specific cleavage with other commonly used endonucleases like CEL 1, ENDO1, and Mung Bean Nuclease. The efficiency of endonuclease in mismatch specific cleavage is essential to produce an adequate amount of digested products for mismatch detection. Furthermore, endonucleases that exhibit robustness in mismatch detection like CEL 1 produces strong mismatch detection signals with low background noise as detected by capillary electrophoresis method. The tENDO1 produced in this study showed similar robustness and mismatch specific cleavage efficiency like other commercially used endonucleases for mismatch detection (Fig. 5) . Based on the electropherograms obtained from the capillary electrophoresis analysis, tENDO1 digested product produced strong mismatch detection signals with low background noise comparable to commercially available CEL 1 and ENDO1 endonucleases (Fig. 5) . This result suggested that the tENDO1 produced in this study did not lose its efficiency in mismatch cleavage activity. In fact, tENDO1 digested product produced better detection signal as comparable to commercially used Mung Bean Nuclease (Fig. 5) . Hence, tENDO1 can be used as an alternative and cost effective endonuclease for mismatch detection. Similar protein expression systems via the secretion approach have previously been reported for human milk protein sCD14 (Girard et al. 2004) , hepatitis B surface antigen (Sunil Kumar et al. 2005) , human serum albumin (Qiao et al. 2011) , and human erythropoietin (Pires et al. 2012) .
Conclusion
We have shown that tENDO1 posses enzymatic activity and can be successfully expressed and secreted into the BY-2 cells medium. The fast growth rate of BY-2 cells and the ease of protein purification due to secretion of tENDO1 into culture medium enable us to continuously obtain tENDO1 for mismatch scanning assays. Thus, this simple and low cost strategy for obtaining bulk of endonuclease used for large scale mutational screenings is convenient and could be carried out in any standard molecular biology laboratory.
